In solutions in which tautomerization is possible, a chemical equilibrium of the tautomers will be reached. The exact ratio of the tautomers depends on several factors, including temperature, solvent and pH [38] . However, the ultimate solution for the unprecedented regioselectivity is X-ray crystallography [39] .
The computational methods have also been found reliable in this context [40] [41] [42] [43] , while ago, we computationally studied the tautomerism in 6-substituted, 1,2,4-triazine-3-thion-5-one [42] . Recently, we have studied the base of regioselectivity in Sonogashira synthesis of 6-(4-nitrobenzyl)-2-phenylthiazolo[3,2-b]1,2,4-triazole [44] .
Very recently, we justified regioselectivity in our catalytic synthesis of 1,2,3-triazoles, via click reaction based on computational method [45] . In this context, we reviewed computational studies on the regioselectivity of metal-catalyzed synthesis of 1,2,3 triazoles via click reaction [46] .
Armed with these experiences, herein, we wish to reveal our computational study results on the regioselectivity of the synthesis of pyrimido [4,5-b] [1, 4] benzothiazines.
The reaction pathway is illustrated in Fig. 1 . In this scheme, our key step is conversion of compound 5 to compound 6. As a matter of fact, the formation of our target depends on whether which chlorine atom is replaced by aminothiophenol. Basically, the nucleophilic substitution should happen at 2-position more readily than 4-position. However, by elucidation of structure of pyrimido [4,5- selectivity should be looked for in the tautomerism of 2-thio-4-pyrimidone 2. This molecule has four possible tautomers that are caused by prototropism (proton migration), as shown in Fig. 2 .
In this research, our attention focuses on mechanistic aspects to achieve a complete understanding on the molecular scale: (1) study on tautomerism of all four 6-ethyl-2-thio(1H) pyrimidin-(3H)-4-one isomers to extend our knowledge of the tautomeric equilibrium of pyrimidines; (2) computationally investigate the important reasons for the experimentally observed regioselectivity in pyrimido [4,5-b] [1, 4] benzothiazines synthesis from the kinetic and thermodynamic point of view; (3) study of solvent effect on tautomerism, reaction mechanism and calculation of thermodynamic functions. It is noticeable that, despite of pyrimidines importance from pharmacological applications and synthetic point of view, few theoretical studies [49, 50] in this field have been reported. From the computational point of view, accurate information on the structural details and energetic for this synthesis could be an important aspect of addressing the regioselectivity challenge which leads to either kinetic or thermodynamic effects.
Computational details

Ab initio calculations
The geometries and energy of all reactants, intermediates, different tautomers of 6-ethyl-2-thio(1H) pyrimidin-(3H)-4-one, transition states and products through the reaction path using density functional theory (DFT) [47] with no symmetry constrains have been calculated. The standard 6-311++G** basis set with M06 functional has been introduced as a hybrid meta-GGA (generalized gradient approximation) exchange correlation functional which was recommended for organometallic and inorganometallic thermochemistry, kinetic investigations, transition state and non-covalent interactions [48] . The QST3 procedure has been used to search for transition states. Intrinsic reaction coordinate (IRC) calculations [49] were employed to ensure the identity of the reactants and products corresponding to each transition structure. Vibrational analyses were performed on all optimized structures with the same functional and basis set as the corresponding geometry optimizations. In addition, the thermodynamic properties of all compounds were obtained from frequency calculations at 298.15 K and 1.0 atmosphere pressure. All reported enthalpies were zero-point (ZPE) corrected with unscaled frequencies. The solvent effects on the conformational equilibrium to evaluate the effects of solvent and contribution to the total enthalpy were investigated with using polarized continuum (overlapping spheres) model (PCM) of Tomasi and coworkers [50] . Solvation calculations were carried out for chloroform, DMSO, ethanol with the geometries optimization for these solvents. All calculations were performed using the Gaussian 98 [51] software.
Calculation of thermodynamic functions
Thermodynamic functions have been calculated from the following equations. Total enthalpies of the studied species X, H(X), at the temperature T are usually estimated from Eq. 1 [52, 53] .
where E 0 is the calculated total electronic energy, ZPE stands for zero-point energy, E trans , E rot , E vib are the translational, rotational and vibrational contributions to the enthalpy, respectively. Finally, RT represents PV work term and is added to convert the energy to enthalpy. The standard enthalpy change of the reaction ( H • reac ) is given as: which is the total standard enthalpies of the studied species, at the temperature T estimated from Expression (1) .
Similarly, S • reac could be obtained by
Results and discussion
According to Fig. 1 , the synthesis of pyrimido [4,5-b] [1, 4] benzothiazines started from 5-bromo-2,4-dichloro-6-ethylpyrimidine (compound 5) which was prepared from intermediate key molecule, compound 2 [54] . 6-ethyl-2-thio(1H) pyrimidin-(3H)-4-one (compound 2) has four possible tautomers, as shown in Fig. 2 , that the most stable tautomer contributes to the synthesis profile. So in the first step of this research the geometry and energy of different tautomers of 6-ethyl-2-thio(1H) pyrimidin-(3H)-4-one are computationally investigated.
Geometry optimization of different tautomers of 6-ethyl-2-thio(1H) pyrimidin-(3H)-4-one and solvent effect
All four possible tautomers of 6-ethyl-2-thio(1H) pyrimidin-(3H)-4-one (A-D), which is presented in Fig. 2 , were optimized in gas phase and in the different solvent using M06/6-311++G** method. The relative energies of these different tautomers are shown in Table 1 . The calculated results show that A tautomer is the most stable tautomer in N1 and N3 atoms which lead to three different resonance forms, as shown in Fig. 4 while in the D tautomer delocalization of the N3 lone pair toward C2=N1 or C4=O double bonds results in the contribution of the resonance structures RS-4 or RS-5, respectively. In addition, in B tautomer delocalization of the N1 lone pair toward C2=S double bond results resonance structures RS-6. The comparison between gas and solution phase indicates that a decrease in energy in all tautomers is occurred by changing from the gas phase to polar solvent. This trend refers to molecule with zwitterionic characteristic which makes it favorable to be dissolved in polar protic and aprotic solvents. For the polar protic solvent like DMSO and ethanol, the equilibrium electrostatic interaction between a solvent and solute is more attractive. Therefore, the inclusion of a term accounting for the interaction in the solute Hamiltonian caused an increase in the dipole moment of the solute molecule. But for an aprotic nonpolar solvent, net orientation/polarization induced in the solvent could result in the formation of a reaction field which affects the electronic structure and geometrical parameters of solute molecules. However, cavitation and dispersion energy terms approximately balance each other, and because of same order and having opposite signs the main contribution of the stabilization of the molecules in solvent phase comes from the solute solvent polarization energy. Results of DFT calculation reveal like in the gas phase the A tautomer is the most stable tautomer in the all solvents, but by changing to more polar solvents stability order is changed: A > B > D > C. As Fig. 3 reveals, D tautomer has two resonance structures (RS-4 and RS-5) in which negative and positive charge lies on N1 and N3 atoms in RS-4 and on O4 and N3 atoms in RS-5 structure, respectively. But B tautomer has one resonance structure RS-6 in that negative charge is resting on S2 atom. The big size of sulfur atom tolerates the negative charge more than O and N atoms; so RS-6 resonance structure is more stabilized in the polar solvent. In addition, changing to more polar solvent the range of stability between most and least stable tautomers varies from ~10 to ~20 kcal/mol. Some selected optimized geometrical parameters of all tautomers are summarized in Table 2 . Because of conjugation of C=N, C=S, C=O and C=C double bonds with each other and with nitrogen lone pairs, shortening of some single bonds was observed. For example, N1-C2 (r 12 ) bond length in D (1.299 Å) and C (1.333 Å) is shorter than same bond in A (1.377 Å) and B (1.404 Å). In addition, the N3-C4 (r 34 
Reaction profile for synthesis of pyrimido[4,5][1,4] benzothiazines
The reaction of 5-bromo-2,4-dichloro-6-ethyl pyrimidin (compound 5) with 2-amino thiophenol was selected and fully optimized as the model of pyrimido [4, 5] [1, 4] benzothiazines synthesis for DFT calculation. According to Fig. 5 , two possible displacements of 4-chlorine atom (path 1) or 2-chlorine atom (path 2) with 2-aminothiophenol are possible in chloroform at room temperature. The representative energy profile of both reaction paths is presented in Figs. 6 and 7. According to Fig. 5 , the geometry of both transition states (TS1 and TS2) was constructed and fully optimized. The results of frequency calculation with one imaginary frequency confirm the transition state. Compounds 6 and 9 have been fully optimized as a product of 4-chlorine and 2-chlorine atom displacement with 2-aminothiophenol, respectively. The resulting energy path renders an exothermic chemical reaction with an activation free energy of 45.05 and 39.70 kcal/mol in the gas phase and in chloroform, respectively, for reaction path 1. Despite reaction path 1, resulting energy profile of path II indicates an endothermic reaction with activation free energy of 42.41 and 37.0 kcal/mol in the gas phase and in chloroform solvent, respectively. Table 3 presents all the calculated thermodynamic functions for the reaction. As the result indicates, however, ∆G ≠ for reaction path 2 is about 3 kcal/mol less than reaction path 1 in gas and solution phase; but since ∆G° reaction to produce of compound 6 in path 1 is negative (−4.02 kcal/ mol) and for compound 9 in reaction path 2 is positive (+44.35 kcal/mol), therefore from thermochemical perspective, the reported results in Table 3 clearly proposed that compound 6 is more stabilized, and consequently, its production is more favorable than 9. It is worthwhile to note that this result has been observed previously for this synthesis [54] .
The geometry of the transition states, TS1 and TS2, confirms by using IRC and QST3 procedure between reactants and product. Some structural details of reactants, transition state and product are compared in Table 4 . The C4-S distance in TS1 (1.53 Å) and C2-S distance in TS2 (1.60 Å) indicate that the nucleophilic attack is a little more advanced in the present case. Furthermore, the distance between C4 and Cl atom increases (~2.65 Å) in the both transition states.
Further the new key intermediate, 2-(5-bromo-6-ethyl-2-substituted-aminopyrimidin-4-ylthio) benzenamines (compound 7) were obtained by the reaction of compound 6 with secondary amines in ethanol according to Fig. 1 . Treatment of this intermediate with sodamide in acetonitrile solvent produces pyrimido [4,5-b] [1, 4] benzothiazines. The energy profile as well as optimized geometry of compound 6, 7 and 8 as a final product (pyrimido [4,5-b] [1, 4] benzothiazines) is presented in Fig. 8 . Also from the thermochemical view point the production of pyrimido [4,5-b] [1, 4] benzothiazine from compound 6 is exothermic and spontaneous. Since no X-ray data are available for the final product (pyrimido [4,5-b] [1, 4] benzothiazines), Table 5 demonstrates some structural details of titled compound. To test the accuracy level of our calculations, the proton chemical shifts as well as IR spectra for compounds 6-8 have been calculated.
NMR computations of absolute shieldings were performed using the GIAO method [55] at the DFT optimized structure in the presence of CDCl 3 solvent. The 1 H chemical shifts were calculated by using the corresponding absolute shieldings calculated for Me 4 Si at the same level of theory (Table 6 ). The good agreement between experimental and theoretical chemical shifts shows the reliability of DFT calculations for these series of molecules.
Further the IR spectra of optimized structure of compound 6,7 and 8 at the M06/6-311++G** level are calculated. The comparison of theoretical and experimental N-H stretches (Table 7) shows good agreement between them. 
Conclusion
In the present research, We demonstrate the thermodynamical and kinetic study of pyrimido [4,5-b] [1, 4] benzothiazine synthesis using DFT computational method. In the first step, a systematic study in tautomerism of 6-ethyl-2-thio(1H) pyrimidin-(3H)-4-one in the gas phase, chloroform, ethanol and DMSO solvent as a key intermediate molecule in synthesis of the final product has undertaken. Further our calculated reaction enthalpies and free energies in gas and solution phase indicate this fact that the production of compound 6 through the reaction path is thermodynamically more favorable than its regioisomer 9. Also from the thermochemical point of view the production of pyrimido [4,5- 
